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ABSTRACT
In this paper, we report on simulation results at 10 GHz of planar transmission lines (TL) printed on a ferroelectric thin film deposited on sapphire and lanthanum aluminate substrates.
The ferroelectric film permittivity is supposed to vary from 700 to 500. 
I. INTRODUCTION
The rapid development of microwave applications in general public telecommunications has led to a growing interest in tunable devices operating in the GHz band. Several solutions have been investigated to obtain tunability: (i) integration or mounting of lumped elements (FET transistors, p.i.n and varactor diodes…) or Micro-Electro-Mechanical Systems (MEMS), or
(ii) use of agile materials. Among agile materials, ferroelectrics are of particular interest.
These materials provide the possibility of tuning due to the electric field dependence of their dielectric permittivity. Moreover, ferroelectric thin films can easily be integrated within planar circuits.
Several ferroelectric devices such as phase shifters [1] [2] [3] , phased array antenna [4] , resonators and filters [5] , varactors [6, 7] , electromagnetic bandgap structures and metamaterials [8, 9] were designed and realized. Nevertheless none of these contributions investigates and compares the basic properties of printed transmission lines (effective permittivity, characteristic impedance, insertion loss, figure of merit) as a function of the permittivity of the ferroelectric thin films, although these data are of uppermost importance for the design of tunable planar circuits.
Therefore the aim of our work is twofold: (i) analysis of the potential tunability of standard transmission lines, and (ii) determination of the best configuration in terms of loss and tunability. Such data are very useful from an engineering point of view. Here the tunable range of the ferroelectric film permittivity (at room temperature) was chosen to vary between 700 at zero DC-bias field and 500 at moderated field [10, 11] . These values correspond to ferroelectric materials belonging to KTa x Nb 1-x O 3 (KTN) or Ba x Sr 1-x TiO 3 (BST) families.
Whereas there is a plethora of studies using BST materials, only few papers report on KTN materials, although prior works [12, 13] have highlighted the promising performance of the latter (significant agility and reduced loss) . 
II. TUNABILITY OF PLANAR TRANSMISSION LINES
The electrical characteristics of the TL represented in Fig.1 (characteristic impedance Z c , propagation constant ) can be varied due to the non-linear bias electric field dependence of the dielectric permittivity of the ferroelectric film. Depending on the studied device, several definitions are available in the literature for the "tunability" [1, 5, 6] . In this work we adopt the following definition for the tunability T of planar TL:
where eff max and eff min are the maximum and minimum effective permittivity of the line, respectively. In this section, the dielectric and metallic losses are not taken into account. 
-Influence of the line configurations
We compare the tunability of the three types of TL (Fig.1) at 10 GHz. These lines are printed on sapphire substrate coated with KTN films (h f = 0.5 µm, 500 < rf < 700). Targeting 
-Influence of the characteristic impedance
For each TL configuration, we investigated the variation of the tunability at 10 GHz for various values of Z c (40, 50 and 60 for rf = 600). The dimensions of lines on a sapphire substrate are given in Fig.3 . For all configurations, Z c is controlled by the conductor widths. The simulation results given in Fig. 3 demonstrate that for MS and CS configurations, the tunability is almost constant (~ 2% and 15.2%, respectively) when Z c increases from 40 to 60
. The most promising results concern CPW transmission line for which the tunability increases by 20 % compared to its average value (T = 15.1 % for Z c = 40 and T = 18.3 % for Z c = 60 ). This observation shows that, the tunability of CPW TL can be increased significantly by choosing high impedance lines.
-Influence of the substrate's permittivity
In this section we determine the influence of the supporting substrate on the tunability at 10
GHz. Two substrates are compared: (i) Sapphire: r = 10, h = 500µm; (ii) Lanthanum aluminate (LaAlO 3 ): r =24, h=500µm. MS, CPW and CS lines were designed to be matched at 50 for rf = 600. The numerical results given in Fig.4 show that, for a given type of line, TL printed on LaAlO 3 substrates are less tunable that those on sapphire substrate. This decrease is quite important for uni-planar configurations, 23.5 % for the CPW structure (from 16.6 % on sapphire to 12.7 % on LAO) and 19 % for the CS configuration (from 15.2 % on sapphire to 12.3 % on LAO). This is due to the relatively high permittivity of LAO ( r =24) compared to sapphire ( r =10) which leads to a less effective concentration of the electric field in the ferroelectric layer.
-Influence of the gap width
For the uni-planar configurations (CS and CPW), we have studied the variation of the tunability at 10 GHz as a function of the gap width g. We assume that the TL are printed on sapphire substrates. The widths of the main conductors are given in section 2.1. The corresponding variations of T are represented in Fig.5 . These results confirm that T increases as g decreases. Indeed, reducing the gap width leads to a more intense microwave electric field and thus an enhanced tunability. Moreover, the tunability of CPW is approximately 2 % higher than that of CS. Simulations have shown that, for CPW lines with a constant value of 
III. INSERTION LOSS AND FIGURE OF MERIT
The comparative study of different configurations of TL requires determining their insertion loss that is a key parameter when designing tunable devices. In this Section we first investigate the variations of the insertion loss at 10 GHz as a function of the ferroelectric loss tangent tan f and the gap width g for uni-planar configurations. Then we compare the global performance of the lines by defining their figure of merit. We assume that the metallic conductors are Aluminium ( =3.8×10 7 S/m, t = 2 µm) and that they are printed on ferroelectric material (tan f ) coated on sapphire ( r =10, tan =10 -4 ).
-Influence of the ferroelectric loss tangent tan f on TL insertion losses
The dimensions (w, g) of the three lines are the same as those given in Fig. 2 . Here we have changed the ferroelectric thin film tan f from 10 -4 to 0.5 in order to study the variations of the TL insertion loss. Fig.6 confirms that the overall loss increases exponentially with tan f . In the MS case, the electric field is mainly concentrated in the substrate. Thus the ferroelectric losses compared to the total losses are less important than for uni-planar configurations and insertion losses remain relatively low (lower than 1.2 dB/cm). For the uni-planar configurations, a value of tan f smaller than 10 -2 corresponds to constant insertion loss t:
conductor losses are predominant. As tan f becomes higher than 10 -1 , the insertion loss becomes crippling. For example, for a loss tangent of 0.5 it becomes higher than 6 dB/cm. In this case, the ferroelectric losses are predominant. When tan f is multiplied by a factor 100 (tan f~ 10 -1 ), ferroelectric losses increase rapidly (0.3 , 2.26 and 1.28 dB/cm for MS, CPW and CS lines, respectively). These losses represent for each line, more than 60 % of the global insertion loss. Moreover, the concentration of the electric field in both gaps rather than in only one gap, explains why ferroelectric losses in CPW are larger than in CS.
Metallic loss: They are related to the inverse of the width of the main conductor. Thus, the CPW has the most important conductor loss (1.42 dB/cm) and the MS line the lowest loss (0.1 dB/cm). Conductor loss of CS lines is of the order of 0.5 dB/cm.
-Influence of the gap width in uni-planar configurations
The variation of the insertion loss is investigated as a function of the gap width g. The widths of main conductors are the same as those given in Section 2.1. According to Fig.9 and as we would expected, the insertion loss increases exponentially when the gap width decreases: the ferroelectric losses increase with the electric field intensity in the gap.
-Definition of the figure of merit
To compare the different types of transmission lines, it is of primary importance to define a new criteria that takes into account both the tunability and the insertion loss (IL) and enables one to make a trade-off in terms between them. Here we define the figure of merit M as M increases up to a limiting value (15.5 and 8.7 %/dB for CS and CPW, respectively). This value corresponds to a tunability which decreases as slowly as the insertion loss. Let us note that for our range of gaps, the tunabilities of CPW and CS are of the same order of magnitude (Fig.5) , whereas the insertion losses of the CPW configuration are about twice higher than that of the CS structure. Thus the figure of merit of CS is roughly double of that of CPW.
IV. CONCLUSION
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